We describe a fast light microscopic procedure for the simultaneous enzyme cytochemical detection of three different DNA target sequences in contrasting colors in both interphase and maphase cell preparations. Chromosome-specific DNA probes labeled with either biotin, digoxygenin, or fluorescein were hybridized as a mixture and detected clearly and accurately by precipitates of the horseradish peroxidase-diaminobenzidine (PO-DAB, brown color), alkaline phosphatase-Fast Red (--Fast Red, red color), or horseradish peroxidase-tetramethylbenzidine (PO-TMB, green color) reaction, respectively. The PO-TMB reaction product was stabilized effectively by the addition of sodium tungstate to the reaction mixture, thus making the PO-TMB reaction now generally applicable to in situ hybridization (ISH). To avoid mixing of the precipitates of the two PO reactions used in the triple-color ISH method, the fmt detected PO activity was always completely inactivated by a mild acid
Introduction
Non-radioactive in situ hybridization (ISH) procedures using chromosome-specific DNA probes provide a powerful tool for the analysis of numerical and structural genomic aberrations in metaphase and interphase preparations of mammalian cells (16, 20) . Many non-radioactive detection systems have been described for ISH, of which the fluorescence and enzyme cytochemical procedures are most frequently used. These methods are based on visualization of in situ hybridized DNA probes, which are modified either directly treatment before the second one was applied. Finally, the cell preparations were embedded in a thin protein layer cross- linked by formaldehyde to ensure permanent stabilization of the enzyme reaction products and optimal visualization of color contrast. The triple-color ISH detection proadure could be combined with P-galactosidase-5-bromo-4-chloro-3-indolyl-~-D-galact&de (P-Gal-BCIG) immunocytochemistry (ICC), leading to the simultaneous localization of multiple DNA targets and a protein target in the same cell. The described procedure may therefore be a valuable tool in the areas of cytogenetics, cell biology, and mol& pathology. ing different tags for use in various types of microscopy (9,24,
25,33,35).
Since the introduction of fluorescence ISH by the end of the 1970s (1,32), this technique has been improved enormously and is now widely used because of its analytical speed and its high sensitivity and resolution (38). Moreover, various fluorochromes are now available that allow simultaneous detection of multiple DNA target sequences in different colors in only one preparation (8,18,25,30). Despite these advantages, fluorescence ISH has the disadvantage that fading of the fluorescence signal takes place on exposure to light, although anti-fading reagents have been described that delay this process to a large extent (2). We have recently reported the application of the sensitive alkaline phosphatase (APasetFast Red reaction to ISH, which results in a precipitate with a virtually permanent fluorescent character (36). However, a disadvantage of fluorescence ISH may also be the significant autofluorescence in, e.g., formalin-fixed, paraffin-embedded tissue sections. In addition, because of economical and practical considerations the use of precipitating enzyme cytochemistry for ISH, combined with con-ventional brightfield microscopy, can be a valuable altemative to fluorescence ISH, especially if permanent cell preparations with n o n -W a b l e , non-fading reaction products can be combined with preservation of cell morphology.
Several authors have reported the successful application of double-target absorption ISH on cell preparations and tissue sections, utilizing both horseradish peroxidase (PO) and APase as the reporter enzymes (9,10,14, 18, 19, 21) . In these cases the two contrasting colors of the reaction products could be clearly distinguished by brightfield microscopy. In the fields of cytogenetics, molecular pathology, and cell biology, however, there s t i l l is an increasing need for techniques that allow demonstration of multiple targets (such as nucleic acid sequences) in the same specimens. Such a goal requires the use of different enzyme cytochemical reactions that possess both high sensitivity and precise localization properties and result in stable reaction products with contrasting colors. Moreover, rapid staining reactions are preferred so that the entire detection procedure can be performed within a few hours. The triple-staining protocols that have been described for ICC (6,40,41) are unsuitable for ISH. First, the localization properties of the P-Gal-BCIG reaction in these procedures do not satisfy the conditions needed for ISH. Moreover, the molecular weight of P-Gal is very high (500 KD), as a result of which we have as yet been unsuccessful in utilizing P-Gal conjugates for ISH (Speel, unpublished results) . Second, in these ICC procedures, directly enzyme-labeled conjugates were used that may give rise to penetration problems if they are applied in the first ISH detection layer, resulting in diffuse, weak staining reactions (36). Since specific nucleic acid probes can now be labeled with biotin, digoxygenin, and fluorescein, such differently modified probes hybridized to immobilized target nucleic acids have been visualized simultaneously by three different colors in blots [rainbow system (15)]. In this system the detection was carried out in consecutive APase-based reactions using three different naphthol-phosphate/diazonium salt combinations. However, the feasibility of this detection system for use in ISH remains to be established.
In the underlying study, a novel and relatively fast triple-color ISH method was developed for use in brightfield microscopy. For this purpose we combined two PO reactions (PO-DAB and PO-TMB) with one APase reaction (APase-Fast Red), since these enzyme reactions have proven to meet the criteria for application to ISH as described above (35). As a result of the simultaneous hybridization of a biotinylated, a fluoresceinated, and a digoxygeninlabeled DNA probe, the DNA target sequences were detected accurately by means of the contrasting colors brawn (PO-DAB), green (PO-TMB), and red (APase-Fast Red). The application of the PO-TMB reaction to ISH was described by us only recently (35). This enzyme reaction, which is a modification of the procedure described by Van der Loos et al. (42) , resulted in an unstable green precipitate. Only immediate air-drying after the reaction could preserve the green reaction product, whereas embedding of stained cell preparations in organic-based mounting media led to a change in the absorption color from green to purple. Therefore, we examined the efficacy of sodium tungstate to stabilize the PO-TMB reaction product, which was recently reported for use in neurohistochemistry (13.45). The triple-color ISH detection procedure described here, in addition, could be combined with P-gal-BCIG ICC, providing a procedure for the simultaneous demonstration of one protein and three DNA targets in the same cell.
Materials and Methods

Cell Processing
Cell preparations from a 70% ethanol suspension of the human transitional cell carcinoma line T24 [DI = 1.6; trisomic for the centromeres of chromosomes 1 and 7, tetrasomic for the centromere of chromosome 17 
Preparation of Metaphase Spreads
Chromosomes were prepared from peripheral blood using phytohemagglutinin stimulation, hypotonic spreading, and fixation in methanolacetic acid (3:l). Pre-treatment of the metaphase spreads with RNAse A and pepsin, followed by post-fmtion in 1% formaldehyde in PBS, has been described previously (20,36,46). 
DNA Probes and Labeling Procedures
The probes for the (peri)centromeric regions of the human chromosomes 1 (pUC 1.77). 7 (p7tl). and 17 (p17H8) have been described by Cooke and Hindley ( In Situ Hybridization Procedure
The DNA probes described above were used at a concentration of 0.4 ngl pl (pUC 1.77) or 1 ng/pl (p7t1, p17H8, pl-79) and hybridized in different combinations in a hybridization buffer containing 60% formamide, 2 x SSC (1 x SSC = 0.15 M NaCI, 15 mM Na-citrate), pH 5.0, 10% dextran sulfate, 0.2 pg/ pl herring sperm DNA as carrier DNA, and 0.2 pg/ p1 yeast tRNA as carrier RNA. Ten p1 buffer was added to each slide under a coverslip (20 x 20 mm). Denaturation was performed on the bottom of a metal box in a water bath at 70% for 3 min and hybridization was performed overnight at 37'C. The slides were washed twice for 10 min at 42'C with 60% formamide, 2 x SSC, pH 5.0. containing 0.05% Tween 20, followed by two 5-min washes with 2 x SSC, pH 7.0, at 42'C and a 5-min wash with 4 x SSC, pH 7.0, containing 0.05% Tween 20 (Buffer A) at RT.
Cytochemical Detection Procedures
To reduce background staining in the cytochemical detection procedures, the slides were pre-incubated with 4 x SSC, pH 7.0, containing 5 % nonfat dry milk (Buffer B) for 10 min at 37'C. followed by dipping in Buffer A (see above). For all the detection procedures the avidin conjugates were diluted in Buffer B, and all the antibody conjugates were diluted in PBS containing 0.05% Tween 20 (Buffer C) and 2% normal goat serum (NGS).
After each incubation step of 20-30 min at 37'C. the slides were rinsed twice in Buffer A (avidin conjugates) or Buffer C (antibody conjugates).
Single-target ISH.
Green PO-TMB Detection. For single-target ISH the biotinylated pUC 1.77 probe was detected by incubating the slides with a 150 dilution of PO-conjugated avidin (AvPO) (Dako; Glosuup, Denmark), followed by the PO-TMB reaction protocol (see below). The cells were counterstained with hematoxylin, dehydrated, and mounted in Entellan (Merck; Darmstadt, Germany).
Double-target ISH.
Brown PO-DAB and Red APase-Fast Red Detection. First the biotinylated pUC 1.77 probe was detected with one incubation layer ofAvP0, followed by the PO-DAB reaction (see below). When the second probe was digoxygenin-labeled (p7tl), the slides were incubated with monoclonal mouse anti-digoxin (MADig, 1:2000) (Sigma, St Louis, MO). If a fluoresceinated probe was used (pl7H8 or pl-79), detection was performed with monoclonal mouse anti-fluorescein (MAFITC, 1:500) (Dako). The monoclonal antibodies (MAbs) were detected with APase-conjugated goat anti-mouse IgG (GAMAPase, 1:25) (Dako), followed by the Ahe-Fast Red reaction (see below). The cells were counteatained with hematoxylin, washed in Milli Q, air-dried, and mounted in PBS:glycerol (1:9, v/v).
Brown PO-DAB and Green PO-TMB Detection. After detection of the biotinylated pUC 1.77 probe with PO-DAB as described above, the second probe was visualized by incubation with the appropriate MAb and a second layer of PO-conjugated rabbit anti-mouse IgG (RAMPO, 1:80) (Dako), followed by the PO-TMB reaction (see below). PO activity still present after the PO-DAB reaction was inactivated by incubation of the slides in 0.01 N HCI for 10 min at RT. The cells were counterstained with hematoxylin or ethyl green, dehydrated, and mounted in Entellan.
Triple-target ISH. Bmwn PO-DAB, Red APase-Fast Red, and Green PO-TMB Detection. The general protocol for the triple-color in situ detection of three hybridized DNA probes that are modified with biotin, digoxygenin, and fluorescein is shown below. The total time, including wash steps is approximately 3 hr. In Figure IC a combination of biotinylated pUC 1.77, digoxygenin-labeled p17H8, and fluoresceinated p7tl was used, whereas in Figures Id-lg and Ik biotinylated pUC 1.77 was combined with digoxygenin-labeled p7tl and fluoresceinated p17H8. The cells were counterstained with hematoxylin, washed in Mali Q, air-dried, and embedded in a protein matrix as described previously (35). Briefly, the slides were smeared with 50 p1 of a mixture of 20 mglml bovine serum albumin (BSA; Sigma) in Milli Q and 2% formaldehyde, and air-dried. Then the slides could be analyzed directly or mounted optionally in an aqueous or organic mounting medium, or in immersion oil. with similar results.
Combined Immunocytochemistry and In Situ Hy bridzation
The procedure used for combined ICC and ISH was performed as described previously (34) . In short, HUVE cells were blocked with Buffer C containing 2% NGS for 10 min. followed by an incubation for 45 min at RT with undiluted culture supernatant of MAb RV202, directed against the intermediate filament protein vimentin (29) . As a control, MAb RCK 102 was used, which was directed against human cytokeratin filaments 5 and 8 (29) . After washing three times for 3 min in Buffer C, the mouse antibodies were detected by incubation with P-Gal-conjugated goat anti-mouse IgG (GAMB-Gal, diluted 1:25) (SBA Birmingham, AL) for 45 min at RT. The cells were washed three times for 3 min in PBS, followed by the B-Gal-BCIG staining reaction (see below). Thereafter, the cells were washed in 0.01 N HCI for 2 min at 37'C. digested with 100 pglml pepsin in 0.01 N HCI for 20 min at 37'C, washed again in 0.01 N HCI for 2 min. dehydrated, and post-fixed with l% paraformaldehyde in PBS for 20 min at 4'C. Cells were subjected to the ISH procedure as described above and were not counterstained in these cases. ISH on HUW cells was performed as described above, omitting the steps for ICC.
Detection of Enzyme Activity -Fast
Red Reaceion. APase detection was performed as described previously (36). In brief, 1 mg naphthol-AS-MX phosphate (Sigma) in 250 p10.2 M %is-HC1 buffer, pH 8.5, containing 10 mM MgCh and 5 mg Fast Red TR salt (Sigma) in 750 pl buffer, was subsequently added to 4 ml b&r with 5% polyvinyl alcohol (PVA, MW 40,000) (Sigma). This solution was gently mixed, after which each slide was incubated with 100 pl of this reaction mixture under a coverslip for 5-10 min at RT. The slides were washed three times for 5 min with PBS. The enzyme reactions were performed directly after the incubation with the appropriate enzyme conjugate. The incubations used are dcxribed in Materials and Methods.
APase, alkaline phosphatase; DAB, diaminobenzidinc; ISH, in situ hybridization; PO, horseradish peroxidase; TMB, tetramcthylbcnzidine.
In enzyme activity detection after application of both enzyme conjugates, the reactions must be performed in the rcvcncd order to prevent inactivation of APasc by
Inactivation of the PO activity after the fint PO reaction with 0.01 N HCI is essential. The PO-TMB reaction must always be performed last, since the resulting precipitate proved to be unstable in aqueous solutions with a pH above pH 6 (e.g., Milli
For each ISH detection system the appropriate embedding medium is stated.
the PO reaction (18).
Q and PBS).
f Embedding in a protein matrix is essential to prevent dissolving of the reaction products in an aqueous or organic mounting medium, or in immersion oil.
P-Gal-BCIG Reaction. P-Gal detection with 5-bromo-4-chloro-3-indolyl-P-D-galactoside (BCIG) (Life Technologies; Breda, The Netherlands) was performed as described by Bondi et al. (3). In brief, 2.5 pl of a stock solution of 20 mg/ml BCIG in N,N-dimethylformamide was added to 100 p1 PBS containing 0.9 mM MgC12, 3 mM potassium ferricyanide, and 3 mM potassium ferrocyanide. Each preparation was incubated with this reaction mixture under a coverslip for 20-60 min at 37'C and washed three times for 5 min in PBS.
PO-DAB Reaction. PO detection with H202 and diaminobenzidine (DAB; Sigma) was performed as described by Graham and Karnovsky (ll), using 0.1 M imidazole (Merck) in the reaction mixture. After each PO-DAB reaction of 5 min. the cells were rinsed twice for 5 min in PBS.
PO-TMB Reaction. PO detection with HzOz and 3,3',5,5'-tetramethylbenzidine (TMB Sigma) was performed as described previously (35), with modifications. Brietly, 100 mg sodium tungstate (Sigma) was dissolved in 7.5 ml 100 mM citrate-phosphate buffer, pH 5.1. after which the pH was brought back to pH 5.0-5.5 with 37% HCI. Just before use, 20 mg dioctyl sodium sulfosuccinate (DSSS; Sigma) and 6 mg TMB were dissolved in 2.5 ml100% ethanol at 80°C and added to the buffer together with 10 ~1 3 0 % H202. The preparations were incubated with 100 p1 of this reaction mixture under a coverslip for 1-2 min at RT and washed three times for 1 min with 0.1 M phosphate buffer, pH 6.0, and 1 min with Milli Q.
Brightfieid Microscopy
Microphotographs were made on a Zeiss Axiophot microscope, using a Kodak Color Gold 100 ASA film in combination with blue and magenta filters.
Results
To develop a triple-target ISH detection procedure for brightfield microscopy, different combinations of two precipitating PO reactions (PO-DAB and PO-TMB) and one APase reaction (APase-Fast Red) were tested in several cell systems, including interphase preparations of T24 tumor cells or diploid HUVE cells and metaphase spreads of normal human peripheral lymphocytes (Table 1) . The individual enzyme reactions have been described previously and are routinely applied to ISH. The PO-TMB reaction, however, first needed some adaptation owing to the poor stability of its reaction product.
Mod$cation of the PO-TMB Reaction for ISH
The PO-TMB reaction, described previously by us for use in ISH (35), was modified by addition of 10 mg/ml sodium tungstate to the reaction mixture to stabilize the resulting green precipitate. T24 cells, hybridized with the biotinylated DNA probe specific for the (sub)centromeric region of chromosome 1 and stained with AvPO, showed three specific green ISH signals in brightfield microscopy (Figure la) . A staining reaction of 1-2 min appeared to be optimal for distinct localization of the PO-TMB reaction product. The precipitate proved to be stable during the washing steps in phosphate buffer and Milli Q, as well as during the dehydration steps. The cells could be counterstained with hematoxylin, embedded in organic mounting medium, such as Entellan or mineral oil, and stored permanently at 4°C. The PO-ThfB reaction product was unstable in aqueous mounting media, such as PBS:glycerol (19, v/v) and Imsol (Klinipath; Zevenaar, The Netherlands), in which it dissolves rapidly. The high sensitivity of the PO-TMB reaction was demonstrated by the detectability of the telomere 1-specific DNA probe in T24 cells, using the same reaction time needed for detection of the centromere probe ( Figure Ib) .
DoubLe-target ISH Detection Procedures
Brown PO-DAB and Red APase-Fast Red Detection. The biotinylated and the digoxygenin-labeled DNA probes, specific for the (sub)centromeric regions of chromosomes 1 and 7, respectively, were hybridized simultaneously to T24 and HUW cells, and enzyme cytochemically detected by the PO-DAB and APase-Fast Red reaction as outlined in Table 1 (detection system 4). The contrasting colors of the brown PO-DAB and the red APase-Fast Red precipitates could be clearly distinguished in T24 cells, showing three ISH signals for both the centromeres of chromosome 1 and ing two ISH signals for both chromosomes (such as in Figure lj ). Cells were counterstained with hematoxylin and had to be embedded in aqueous mounting medium, since the APase-Fast Red reaction product is unstable in ethanol-and organic-based mounting media (Table 1) . The same results were obtained when both enzyme reactions (PO-DAB and APase-Fast Red) were performed after incubation of both enzyme conjugates. However, in that case the APase-Fast Red reaction was always performed before the PO-DAB reaction, since a reversed order decreased the APase activity significantly (18) .
Brown PO-DAB and Green PO-TMB Detection. A combination of the PO-DAB and PO-TMB reaction could also be utilized for the visualization of two separately hybridized DNA probes in situ (Table 1 , detection system 5). Figure Ib shows the three brown (PO-DAB) ISH signals for the centromere of chromosome 1, together with four green (PO-TMB) signals for the telomere of this chromosome in T24 cells. Furthermore, the centromeric regions of chromosome 1 and 7 were visualized with this double PO detection system in diploid HUVE cells (Figure li) . The cells were counterstained with hematoxylin or ethyl green without losing color contrast and were embedded in organic mounting medium, since the PO-TMB reaction product is unstable in aqueous embedding media ( Table 1) . Inactivation of PO activity after the PO-DAB reaction was necessary before performance of the final PO-TMB reaction, since omission of this inactivation step leads to mixing of the precipitates on the first detected DNA target (data not shown). Therefore, the slides were incubated with 0.01 N HCI for 10 min at RT immediately after the PO-DAB reaction or after application of the second incubation layer. This procedure, which was described earlier by Nibbering et al. (26) , appeared to affect neither the final ISH results nor cell morphology.
Triple -target ISH Detection Procedure
The PO-DAB, APase-Fast Red, and PO-TMB reactions were combined in a triple-staining procedure for simultaneous visualization of three centromere-specific DNA probes in different cell preparations ( Table 1 , detection system 7). Figure IC shows the centromeric regions of chromosomes 1.7, and 17 in the contrasting colors brown (PO-DAB), green (PO-TMB), and red (APase-Fast Red), respectively, in T24 cells that are not counterstained. Evidently, T24 cells contain three copies of the centromeres of chromosome 1 and 7 and four copies of the centromere of chromosome 17. The same chromosomal regions are accurately discernible in brown, red, and green, respectively, in either T24 cells (Figures Id and le) or human metaphase spreads ( Figures If and Ig) after counterstaining with hematoxylin. The copy numbers of the centromeric regions of chromosomes 1, 7, and 17 were in agreement with those in Figure IC , whereas a disomy for these chromosomal regions was seen in the diploid metaphase spreads and lymphocyte nuclei ( Figures  If and Ig) . The entire detection procedure, which can be performed within 3 hr, is outlined in Materials and Methods. As already described for the double-target ISH, mild acid treatment was essential for inactivation of the first applied PO activity, whereas the PO-TMB reaction was always performed at the end of the detection procedure to ensure the stability of the reaction product (Table 1). Since the APase-Fast Red precipitate is unstable in ethanol and organic mounting media and the PO-TMB reaction product dissolves in aqueous mounting media, the cells were always airdried after counterstaining and embedded in a protein matrix (35). The application of the protein matrix was essential to obtain a clear color contrast between the different enzyme precipitates. Moreover, this protein layer stabilizes the precipitates permanently and prevents them from being dissolved in any of the applied mounting media. Similarly, combination of the APase-Fast Red and PO-TMB detection systems for double-target ISH, as outlined in Table 1 (detection system 6), also requires application of a protein matrix to obtain permanent preparations.
Combined ICC and Multz)le-target ISH
Since in the ISH procedure antigenic epitopes are likely to be destroyed, ICC was always applied before the ISH procedure. As a model system we used HUVE cells, which express the intermediate filament protein vimentin but do not contain cytokeratins. Application of the mouse anti-vimentin MAb could be visualized by the 0-Gal-BCIG reaction, resulting in a specific blue vimentin staining pattern with reasonable fibrillar localization (see, e.g., Figures Ih, Ij, and Ik). In contrast, no staining was observed when the mouse anti-cytokeratin MAb was used (data not shown). The 0-Gal-BCIG reaction product appeared to be unaffected by the ISH procedure, as reported by others (3~39). Therefore, the P-Gal-BCIG ICC could be combined with the absorption ISH methods described above. This is demonstrated, for example, in Figure Ih , in which vimentin was visualized simultaneously with both the centromeres of chromosomes 1 and 7 in diploid HUVE cells (ISH with double PO detection). To demonstrate the specificity of the ISH signals, the HUVE cells were also subjected to double-target ISH without prior ICC staining for vimentin (Figure li) . All nuclei contained two copies for the centromeres of chromosomes 1 and 7, as also observed in Figure Ih . A better color contrast could be obtained if the P-Gal-BCIG used for visualization of vimentin was combined with doubletarget ISH using the PO-DAB (brown) and APase-Fast Red (red) detection systems ( Figure Ij) . Finally, the tricolor ISH method was combined with ICC, resulting in simultaneous localization of the centromeres of chromosomes 1 (brown), 7 (red), and 17 (green), together with vimentin (blue) in the cytoplasm of diploid HUVE cells ( Figure Ik) .
Discussion
We report here the development of a new and rapid triple-color ISH detection procedure for the simultaneous detection of three chromosome-specific DNA sequences by brightfield microscopy in interphase nuclei and metaphase preparations. A combination of three DNA probes, labeled with either biotin, digoxygenin, or fluorescein, could be hybridized simultaneously, since the cytochemical detection layers used are unrelated and do not interfere with each other. Distinct localization of the DNA probes was accomplished within 3 hr by consecutive application of three sensitive enzyme cytochemical reactions, i.e., PO-DAB, APase-Fast Red, and PO-TMB (Table 1) . Since the optimal conditions for each of these reactions were different, they had to be performed in succession.
The reactions resulted in clearly contrasting and discernible brown, red, and green precipitates, respectively.
The present results have demonstrated that the PO-TMB reaction product can be efficiently stabilized with the addition of sodium tungstate to the reaction mixture, resulting in discretely localized green ISH signals. The reaction is extremely fast and sensitive, since incubation for 1-2 min proved to be sufficient for localization of both centromere-and telomere-specific DNA probes. Therefore, this reaction can be considered as an interesting alternative to the frequently used PO-DAB reaction in terms of reaction velocity and sensitivity, Because the pl-79 probe for the (sub)telomeric region of chromosome 1 hybridizes with a repetitive target DNA sequence of only some 100 KB (5), the brightfield detection of yeast artificial chromosomes (YAG) and, eventually, cosmid probes with the PO-TMB reaction may now be within reach. We are now investigating the feasibility of applying this detection procedure in combination with brightfield microscopy.
The introduction of the PO-TMB reaction has considerably improved the multiplicity of color combinations for ISH. The PO-TMB reaction can be combined efficiently with both the PO-DAB and the APase-Fast Red reaction, resulting in an extension of detection methods to double-target ISH as well as to the development of the triple-target ISH method for brightfield microscopy. However, the utilization of two PO and one APase detection procedures in one protocol requires some specific adaptations. First, the activity of the firstly applied PO conjugate may pose a serious problem in the second PO reaction. Therefore, the enzyme activity of the first detection round must be irreversibly inactivated. This could be achieved by a brief0.01 N HCI treatment of the cell preparations, which has been recommended by Nibbering et al. (26) as an alternative to H202. This treatment appeared to have no apparent negative effect on the detection of the digoxygenin-and fluoresceinlabeled probes or on cell morphology. Furthermore, the PO-DAB precipitate remained stable during the mild acid treatment, which has also been proven to be advantageous in combined ICC and ISH procedures (22) .
Second, the triple-color ISH detection procedure requires embedding of the cell preparations in a thin protein layer, which appeared to be essential to obtain an optimal color contrast of the enzyme precipitates used. We have applied this approach previously for use in sensitive and multicolor reflection contrast microscopy (35). Since the PO-TMB reaction product is unstable in aqueous mounting media and the APase-Fast Red reaction product is unstable in an organic mounting medium, the embedding of the combination of both reaction products in a protein layer proved to be extremely useful, particularly since air-drying of the slides alone has been demonstrated to yield only poor color contrast of the enzyme precipitates. Moreover, the cell preparations could be permanently stabilized in this manner. In comparison with the multicolor rainbow detection system generally used for blot hybridization and described by Hoeltke et al. (IS), our ISH detection procedure can be performed within 3 hr, which is only half of the time required for the rainbow system. Furthermore, we use enzyme reactions that are specifically optimized for discrete localization of DNA sequences in situ. Moreover, the PO inactivation step with 0.01 N HCI has no serious effect on cell morphology, whereas the repeated APase inactivation at 85°C performed in the rainbow system most probably is fatal for the preservation of cell morphology. Our new triple-color detection procedure for nucleic acid sequences in situ may therefore also be advantageous for use on blots with respect to time and localization properties.
A further extension of colors for blot and in situ hybridization could be explored by utilizing colored precipitates that are generated by other PO chromophores, such as aminoethyl carbazole (AEC) (12) and chloronaphthol (23) , or by other APase reactions using nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-~-indolylphosphate (BCIP). In addition, combined PO and APase reactions can be applied, resulting in mixed colors as described for ICC by Claassen et al. (6) . In this respect, the efficacy of the mild acid treatment step to inactivate PO activity can be of help. However, the influence of the enzyme inactivation procedures on the stability of the precipitates and nucleic acid probe labels, as well as the order of enzyme detection, will ultimately determine the utility of these efforts for nucleic acid detection systems.
The described ISH detection procedure could also be combined with a specific ICC staining reaction of HUVE cells using the P-Gal-BCIG reaction. This enzymatic reaction, which could not be utilized for ISH, resulted in a blue indolyl precipitate that was reasonably well localized and stable on pepsin treatment at pH 2.0, as well as throughout the entire ISH procedure. The ISH results on the immunostained diploid HUVE cells showed the expected two copies per nucleus for each centromere-specific DNA sequence tested, and when compared with non-immunostained cells. Therefore, the P-Gal-BCIG reaction product does not seem to make the cells less accessible to ISH reagents or to shield the target DNA. This finding is consistent with earlier reports (31, 39) , and similar properties have been described for the APase-Fast Red reaction product if fluorescence analysis is preferred (34) . The PO-DAB precipitate, however, has been shown to often shield the target DNA Since the color contrast between the P-Gal-BCIG and the PO-TMB reaction product is relatively low, the combined ICC-ISH procedure with PO-DAB and APase-Fast Red is recommended. However, it is clear that the triple-color ISH detection procedure can also be efficiently combined with P-Gal-BCIG ICC, making this procedure extremely suitable for use in immunophenotyping cells that contain a specific chromosomal aberration or viral infection. Therefore, it may gain wide applicability in diagnostic pathology.
In the light of the developments in interphase cytogenetics, the presented tricolor ISH method can be of value for detection of both numerical and structural chromosome aberrations in tumor cells (16, 27, 37) . As shown in Figures IC-le , imbalances between the number of centromeric regions of specific chromosomes could be detected with high efficiency in T24 cells. In addition, almost all cells could be shown to contain four copies of a telomere 1-specific DNA sequence, whereas only three copies of the centromere 1-specific sequence could be detected ( Figure Ib) . This kind of chromosomal aberration can now be visualized easily by brightfield microscopy, bypassing the need for a fluorescence microscope. The application of the described triple-color ISH detection procedure for the study of tumor heterogeneity in tissue sections and cytological preparations, as well as chromosome aneuploidy in sperm cells, is now under investigation. Although the number of experiments as yet is (3 7,39).
limited, in all these cases the protocol could be used without any modification in the sequence of enzymatic reactions and reaction conditions.
